To evaluate the role of constitutive epigenetic changes in normal body cells of BRCA1/BRCA2-mutation negative patients, we have developed a deep bisulfite sequencing assay targeting the promoter regions of 8 tumor suppressor (TS) genes (BRCA1, BRCA2, RAD51C, ATM, PTEN, TP53, MLH1, RB1) and the estrogene receptor gene (ESR1), which plays a role in tumor progression. We analyzed blood samples of two breast cancer (BC) cohorts with early onset (EO) and high risk (HR) for a heterozygous mutation, respectively, along with age-matched controls. Methylation analysis of up to 50,000 individual DNA molecules per gene and sample allowed quantification of epimutations (alleles with >50% methylated CpGs), which are associated with epigenetic silencing. Compared to ESR1, which is representative for an average promoter, TS genes were characterized by a very low (< 1%) average methylation level and a very low mean epimutation rate (EMR; < 0.0001% to 0.1%). With exception of BRCA1, which showed an increased EMR in BC (0.31% vs. 0.06%), there was no significant difference between patients and controls. One of 36 HR BC patients exhibited a dramatically increased EMR (14.7%) in BRCA1, consistent with a disease-causing epimutation. Approximately one third (15 of 44) EO BC patients exhibited increased rates of single CpG methylation errors in multiple TS genes. Both EO and HR BC patients exhibited global underexpression of blood TS genes. We propose that epigenetic abnormalities in normal body cells are indicative of disturbed mechanisms for maintaining low methylation and appropriate expression levels and may be associated with an increased BC risk.
average methylation of millions of DNA molecules in a genomic DNA sample is a surrogate marker which is sometimes difficult to interpret. Methylation changes could be due to single CpG methylation errors at different positions in a large number of alleles or to a few allele methylation errors, where all or most CpGs in individual DNA molecules are aberrantly methylated. Because it is usually the density of CpG methylation in a cis-regulatory region rather than individual CpGs that turns a gene "on" or "off," 13, 14 allele methylation errors must be considered as functionally relevant epimutations. Variable proportions (5-30%) of fully methylated BRCA1 or RAD51C alleles have been found in normal body cells of mutation-negative patients, presenting with phenocopies of cancer syndromes. 6, 7 The frequency of constitutively hypermethylated alleles of TS genes in normal healthy individuals without an increased cancer risk remains to be elucidated.
Deep bisulfite sequencing (DBS) can determine the methylation profiles of many thousand individual DNA alleles for multiple genes and samples in a single experiment and, thus, directly measure epimutation rates (EMRs). In this study, we developed a multiplex DBS assay for 8 TS genes including major BC susceptibility genes to analyze two mutation-negative BC patient cohorts, which satisfied the inclusion criteria of the German Consortium of Hereditary Breast and Ovarian Cancer. We analyzed whole blood, which is easily accessible, to identify constitutive methylation abnormalities in normal body cells. Constitutive epimutations, which arise early in development, are present in a mosaic state in different tissues. 6, 7 Although epigenomes differ between cell types, the observed methylation abnormalities of TS genes in blood are thought to be representative for other tissues of the analyzed individual. The main aim of our study was to compare constitutive epigenetic abnormalities between BC patients and controls, estimating their contribution to BC pathogenesis.
Material and Methods

Patients
This study was approved by the Ethics Committee of the Medical Faculty at W€ urzburg University (no. 337/15). Written informed consent to use DNA samples after completion of genetic diagnostics for research purposes was obtained from all participating women. Two cohorts of BRCA1/BRCA2-mutation negative patients with BC were recruited through the German Consortium for Hereditary Breast and Ovarian Cancer. Cohort 1 consisted of 43 women with early-onset (EO) BC, diagnosed before the age of 36 years; cohort 2 consisted of 36 BC patients with a high risk (HR) for a heterozygous mutation (> 95% predicted by Cyrillic). Eleven (26%) of 43 EO BC and 7 (19%) of 36 HR BC patients suffered from a tumor at the time of blood drawing. The majority of BC patients were tumor-free after therapy. The mean (6 standard deviation) tumor-free interval at the time of blood drawing was 9.5 6 10.0 years for the EO BC and 3.6 6 5.8 years for the HR BC group. Eighty age-matched women without cancer and without familial history for breast and ovarian cancer served as controls.
Deep bisulfite sequencing
Genomic DNAs were isolated from peripheral blood and bisulfite converted with the EpiTect Fast DNA Bisulfite Kit (Qiagen, Hilden, Germany). PCR and sequencing primers (Supporting Information Table S1 ) were designed in the promoter regions of BRCA1, BRCA2, RAD51C, ATM (region 1 and 2), PTEN, TP53 (region 1 and 2), MLH1, and RB1, and the promoter flanking region of ESR1, using the PyroMark Assay Design 2.0 software (Qiagen). Single nucleotide polymorphisms (SNPs) rs799905 (G/C, MAF 0.45 G) in BRCA1 and rs16943176 (G/A, MAF 0.16 A) in RAD51C were used to distinguish parental alleles in informative samples.
Library preparation for the MiSeq (Illumina, San Diego, USA) and sequence analysis were performed, as previously described. 15 Briefly, purified PCR products were quantified with the Qubit System (Life Technologies, Carlsbad, USA), diluted to 0.2 ng/ml and combined into 48 pools, each pool containing the 11 amplicons of a given sample. After A-tailing and adaptor ligation, indexing PCR was performed with NEBNext Multiplex Oligos for Illumina, Dual Index Primer Set 1 (New England BioLabs, Frankfurt/Main, Germany). All barcoded pools were diluted to 4 nM and pooled into the final library. Paired-end sequencing was performed on an Illumina MiSeq using the MiSeq Reagent Kit v3 (2 3 300 cycles) cartridge.
After demultiplexing, an initial quality assessment was performed with FastQC, v0.11.2. Adapters and low quality reads were trimmed with TrimGalore, v0.4.0 powered by Cutadapt, v1.6. 16 Trimmed paired reads were joined with the fastq-join option of ea-utils, v1.1.2-537. The reads were aligned to the human genome reference sequence hg19 UCSC with Bismark, v0.14.3 and Bowtie2, v2.2.6. 17, 18 Read alignments were processed with SAMtools v1. 19 Non-bisulfite converted reads were removed from the dataset. For methylation calling, the bismark_methylation_extractor was used. 20 What's new? Cancer can change patterns of DNA methylation, with widespread loss of methylation but also localized increases in methylation. Here, the authors analyzed blood cells, looking for differences in methylation between breast cancer patients and healthy persons. They developed a deep bisulfite sequencing assay to specifically test the promoter regions of 8 tumor suppressor genes, plus the estrogen receptor gene, along with reduced tumor suppressor gene expression. They found that breast cancer patients showed increased methylation changes in multiple tumor suppressor genes, reduced tumor suppressor gene expression. Thus, epigenetic abnormalities could indicate disruptions in the mechanisms that maintain proper methylation, and could signal increased tumor risk.
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GensearchNGS software (PhenoSystems, Wallonia, Belgium) was used for data visualization and further analysis. 21 Reads with a length < 100 bp and/or < 5 CpGs were excluded.
Gene expression
RNA was isolated from whole blood samples using miRNeasy Mini Kit (Qiagen). cDNA was synthesized from 1 mg RNA with High Capacity DNA-to-cDNA Kit (ThermoScientific, Massachusetts, USA). RT PCR was performed with TaqMan Fast Advanced Master Mix (ThermoScientific), 50 ng cDNA per reaction, and pre-validated TaqMan assays for BRCA1 (HS01556193_m1), BRCA2 (Hs00609073_m1), RAD51C (Hs00427442_m1), ATM (Hs00175892_m1), PTEN (Hs02621230_s1), TP53 (Hs01034249_ m1), MLH1 (Hs00979919_m1), and RB1 (Hs01078066_m1), according to the manufacturer's protocol. RT PCR reactions were run on ABI Viia7 System (Applied Biosystems, Massachusetts, USA). Each sample and negative control was analyzed in technical triplets. GAPDH (Hs02786624_g1) and ACTB (Hs01060665_g1) were used as reference genes for normalization. Blood is a complex tissue for studying gene expression with multiple cell types and differentiation stages contributing to whole blood RNA. In previous blood gene expression studies [22] [23] [24] [25] ACTB and GAPDH turnt out to be suitable reference genes. Following normalization with ACTB and GAPDH, the mRNA levels of all studied TS genes in the control group varied within the normal range. Evaluation of melt curve and amplification plots were done with the QuantStudio Real-Time PCR Software v1.2.4 (ThermoScientific) using the DDC t method.
Statistical analyses
IBM SPSS version 23 was used for descriptive and bivariate statistics. Group comparison analysis was dependent on the distribution of the data as either parametric (T test) or nonparametric (Mann-Whitney U test). For correlation analysis, either Pearson or nonparametric Spearman correlation was performed according to the data distribution. P values < 0.05 was considered significant. To test a significant relationship between two categorical variables, the v 2 test of independence was used.
Results
Tumor suppressor genes display very low promoter methylation levels
Our DBS assay targets promoter regions in the TS genes BRCA1, BRCA2, RAD51C, ATM (region 1 and 2), PTEN, TP53 (region 1 and 2), MLH1, and RB1 as well as in the estrogen receptor gene ESR1, which is frequently activated during BC development. 26 Apart from ESR1 and RB1, all are BC susceptibility genes. The number of analyzed CpGs in the different amplicons ranged from 15 in TP53 region 2 to 52 in the BRCA2 promoter (Supporting Information Table S1 ). We determined mean methylation (of all analyzed CpGs in a given amplicon) in blood DNA of 43 BRCA1/BRCA2 mutation-negative women with EO BC, 36 with HR BC, and 80 age-matched controls. The average read numbers ranged from 5,300 for BRCA2 to 24,500 for ATM region 2 (Supporting Information Table S1 ). In all 8 analyzed TS genes (10 amplicons) and all analyzed cohorts, mean promoter methylation was < 1% and there was no difference between BC and control groups (Table 1 ; Supporting Information Fig. S1 ). Mean methylation of the ESR1 promoter-flanking region was 5-10 times higher, namely 3.1 6 0.1%. In our experience with several dozen genes, this is more representative for an unmethylated gene promoter. Evidently, the demethylated state of TS genes is very tightly controlled in normal body cells. In a previous bisulfite pyrosequencing screen of BC susceptibility genes, 6% mean methylation was used as threshold for the identification of constitutive epimutations. 7 In the 79 mutation-negative BC and the 80 control samples analyzed by DBS, only one patient (HR BC30) exhibited such an hypermethylation with a mean BRCA1 methylation of 12.9%.
Tumor suppressor genes display very low EMRs
Consistent with earlier studies, [27] [28] [29] [30] [31] individual alleles with > 50% aberrantly methylated CpGs were considered as epimutations. Table 1 presents the average EMRs of 8 TS genes (10 amplicons) in 79 BC patients (EO and HR) and 80 unaffected controls. It is noteworthy that BRCA2, ATM region 1, PTEN, TP53 region 1, and MLH1 did not show a single epimutation in 80 controls (with 0.4-2.4 million analyzed alleles per gene), and BRCA2, TP53 region 1, and RB1 did not in 80 BC patients. The highest EMRs were observed for BRCA1 (0.31%) and RAD51C (0.15%) in the BC group. The only significant (Mann-Whitney U test, p 5 0.019) difference between BC (0.31%) and control samples (0.06%) was for BRCA1. This between-group difference also remained significant (Mann-Whitney U, p 5 0.030) after exclusion of the one HR BC sample with constitutive epimutation. Table 2 presents the number of samples in the BC and control groups with epimutations. The majority of individuals, 22 of 43 (51%) EO BC, 20 of 36 (56%) HR BC, and 51 of 80 (64%) controls did not display a single epimutation in any analyzed TS gene. The highest number of samples (combined BC cases and controls) with epimutations were observed for RAD51C (43/163; 26%), BRCA1 (20/156; 13%), and TP53 region 2 (25/159; 16%), the lowest for BRCA2 (0/72; 0%), TP53 region1 (0/155; 0%), and ATM region 1 (1/159; 0.6%). Three EO BC, 8 HR BC, and 6 control samples displayed epimutations in multiple TS genes (Fig. 1,  upper panel) . Samples with BRCA1 epimutations were significantly (v 2 test, p 5 0.016) more frequent in the BC group (15/78; 19%) than in controls (5/78; 6%) ( Table 2 ). Figure 2 displays all measured EMRs in the 8 analyzed TS genes. The majority (> 80%) of samples with epimutations displayed low (< 1%) EMRs. In 8% the EMRs were in an intermediate range (1%-2.5%). Only a single sample, HR BC30 displayed a high EMR (14.7%) consistent with a constitutive BRCA1 epimutation. Most BC patients with epimutations had been tumor-free for several years at the time of analysis, i.e. HR BC30 for > 6 years. Overall, there was no significant correlation (Spearman rho 5 20.09; p 5 0.5) between epimutations and tumor status.
The amplicons for BRCA1 and RAD51C contained SNPs with a high minor allele frequency, which allowed us to distinguish the two alleles in heterozygous samples. In 14 informative samples for BRCA1 (4 EO BC, 7 HR BC, and 3 controls) and 10 (5 EO BC, 3 HR BC, and 2 controls) for RAD51C, epimutations were always confined to a single parental allele.
Single CpG hypermethylation in TS genes
Single CpG methylation errors delineate alleles with only 1 or 2, rarely more aberrantly methylated CpGs, whereas the majority of the 15-52 analyzed contiguous CpGs was unmethylated. Figure 3 and Supporting Information Figure S2 show that single CpG methylation errors occur at low 
Cancer Genetics and Epigenetics
frequency (usually < 1%) at every CpG in all analyzed genes. The observed minor fluctuations in average methylation levels among neighboring CpGs in an overall hypomethylated promoter may reflect differences in chromatin structure rather than probabilistic events. 32 To distinguish between stochastic noise and potentially relevant single CpG hypermethylation, we defined a threshold for each CpG in a given assay based on box plot analysis of control samples without epimutations: single CpG methylation values more than five times the interquartile range (IQR) away from the 75 th percentile were considered as abnormal. Using these strict criteria, only a few control samples displayed single CpG hypermethylation, i.e. of BRCA2 CpG2 in control 74 (Fig. 3) (Fig. 1, lower panel) . When considering all BC samples, the age of cancer onset ranged from 21 to 85 years. There was a significant negative correlation (Spearman rho 5 20.184; p 5 0.018) between the number of genes with single CpG hypermethylation and age at cancer onset (Supporting Information Fig. S3 ). There was no comparable correlation between the number of genes with epimutations and the age at cancer onset.
Downregulation of TS genes in patients with EO and HR BC
To study possible functional implications of the observed epigenetic abnormalities, TaqMan assays for BRCA1, BRCA2, RAD51C, ATM, PTEN, TP53, MLH1, and RB1 were performed 
Discussion
Allele methylation errors
All analyzed TS genes displayed very low average promoter methylation levels (around 0.5%) and EMRs (0%-0.3%) in both BC and unaffected control samples. However, even when excluding the one BC sample with constitutive epimutation, the BRCA1 EMR was significantly higher in BC patients than in controls (0.12% vs. 0.06%). Since TS genes are essential for DNA repair, cell cycle control and other mechanisms that maintain genome integrity, 5 a highly efficient protection against promoter hypermethylation may be necessary to prevent neoplastic transformation in a normal cell. Promoter hypermethylation of TS genes can serve as the first and/or the second hit in Knudson's model of tumor development. Approximately 20% of sporadic, in particular triple-negative breast cancers 33, 34 and a subset of ovarian cancers 35 display BRCA1 promoter hypermethylation. It seems plausible to assume that the few hypermethylated alleles that were observed in some BC and control samples represent stochastic or environmentally induced somatic epimutations. Most (13 of 15; 87%) intermediate and high EMRs were found in BRCA1 and RAD51C. Since in informative samples all abnormal BRCA1 and RAD51C alleles were found on the same parental allele, these epimutations most likely originated in single precursor cells.
Most samples did not display a single epimutation in any of the 8 analyzed genes. Approximately 10% of the samples were endowed with epimutations in multiple TS genes. Most EMRs in both BC and control samples were in the low range (< 1%). Nine of 79 (11%) BC and 4 of 80 (5%) control samples displayed intermediate EMRs between 1% and 2.5%. Only one sample exhibited a high EMR (14.7%), indicating a constitutive BRCA1 epimutation. Consistent with an earlier bisulfite pyrosequencing screen of > 600 patients satisfying the inclusion criteria for hereditary breast and ovarian cancer, 7 constitutive epimutations which arise during early embryonal development, may account for a relatively small percentage (1-2%) of BRCA1/BRCA2-mutation negative BC patients. Evidently, the body must be able to cope with a (very) small proportion of cells with hypermethylated TS alleles, which result from stochastic events and/or adverse environmental exposure and, to some extent, are repaired or eliminated. However, the risk for developing a tumor may increase with accumulating numbers (over age) of cells carrying an epigenetic first hit. Our DBS assays analyze up to 52 contiguous CpGs per read with a coverage of up to 50,000 reads per sample. Nevertheless, direct measurement of (very) low EMRs in the range of < 0.0001% to 1% remains technically challenging. Sometimes it can be difficult to distinguish true epimutations from technical and bioinformatic artifacts. The sequence divergence between methylated and unmethylated alleles after bisulfite conversion may lead to an amplification bias towards one product, i.e. the unmethylated T-rich allele. 36 In addition, alleles with incomplete bisulfite conversion may mimick hypermethylated alleles. Reduced sequence complexity, asymmetric C to T alignments, and increased searching space, compared to the original reference sequence, can result in false-positive matches. 37 To overcome these problems, we excluded all reads that showed incomplete bisulfite conversion at non-CpG positions and all reads with low sequencing quality or sequencing errors.
Single CpG hypermethylation
We noted an unusually high rate of single CpG methylation errors at particular positions in a subset of samples (without epimutations). Usually, extreme outliers in box plot analyses are defined by values more than three times the IQR away from the 75 th percentile. Because of the overall low IQRs (0.1-0.5%) of single CpG methylation values and to avoid false positives, we set the threshold for single CpG hypermethylation at a 5 IQR distance (in control samples). Single CpG errors are usually interpreted either as errors due to incomplete bisulfite conversion/amplification or as stochastic methylation errors without functional implications. 7, 14 Previous studies on the inhibitory effects of MeCP2 in the BRCA1 promoter revealed that expression inhibition does not depend on a specific site(s) but on the density of methylated CpGs. 13 In our study single CpG hypermethylation in BRCA1 and RAD51C were very rare, whereas a considerable number of samples showed single CpG hypermethylation in ATM, PTEN, TP53, MLH1, and RB1. Since single CpG hypermethylation was significantly more frequent in BC samples than in controls, it could be directly or indirectly related to tumor pathogenesis. In this context, it is noteworthy that a high percentage (34%) of EO BC samples showed single CpG hypermethylation in multiple TS genes, compared to HR BC (6%) and control samples (4%). It is interesting to speculate that a mechanism preventing or removing single CpG methylation errors may be compromised in EO BC patients. Disturbed maintenance of an unmethylated state may contribute to promoter methylation during tumorigenesis.
TS gene underexpression
Compared to age-matched controls, all analyzed EO BC and HR BC samples showed an overall underexpression of TS genes. Although usually the genes with single CpG hypermethylation or epimutation displayed the lowest expression levels in a given sample, underexpression was also seen in genes with normal methylation patterns. In EO BC49 where we did not detect any epigenetic abnormalities, all 8 tested TS genes had expression levels below 50%. Since all RNA samples were prepared and run together, we can largely exclude batch effects. Both the observed methylation and expression abnormalities may be due to perturbations of a superordinate mechanism, which predisposes to mutationnegative EO and HR BC. Accumulating evidence suggests that mutations in a single BRCA1 allele are sufficient to alter the phenotype of breast epithelial cells, leading to cell-type specific genomic instability and premature senescence. 38, 39 In this light, it is plausible to assume that haploinsufficiency of BRCA1 and other tumor suppressor genes confers an increased BC risk. However, future prospective studies on a large number of samples are needed to evaluate the potential of blood TS gene expression as a diagnostic or prognostic marker. At this point we cannot exclude downregulation of TS genes in normal body cells being a consequence of tumor therapy.
Possible effects of circulating tumor cell and/or cell-free tumor DNA Since we analyzed DNA samples from whole blood, we have to consider the formal possibility that the observed epimutations and single CpG hypermethylation are derived from circulating tumor cells or cell-free tumor DNA. A minority (23%) of the analyzed BC patients suffered from a tumor at 
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the time of analysis, whereas the majority had been tumorfree (after therapy) for several years. Neither epimutations (Fig. 2) nor single CpG hypermethylation ( Fig. 3 ; Supporting Information Fig. S2) were enriched in BC patients with tumor, compared to tumor-free patients.
Most TS genes displayed comparable and (very) low EMRs in BC patients and controls. Approximately 10% of BC patients and 3% of controls had EMRs > 1% in BRCA1 and/or RAD51C. Single CpG methylation in TS genes even ranged from 2% to >15%. Although we cannot exclude BC dormancy or early-stage second tumors, circulating tumor cells in these patients occur at very low concentrations of one tumor cell in the background of millions of blood cells and have an average half-life of only 1-3 h after separation. 40, 41 Similarly, cell-free circulating DNA has a half-life of approximately 14 h and is rapidly cleared from blood, if not replenished from apoptotic/necrotic cells every few hours. 42 Moreover, the vast majority of cell-free DNA fragments are between 180 and 200 bp, 43, 44 and cannot be amplified by our DBS assays, which targets regions between 379 and 597 bp in length. Thus, neither circulating tumor cells nor cell-free tumor DNA can account for the observed EMRs > 1% or single CpG hypermethylation > 2%.
Conclusions
DBS is a highly efficient technique for both qualitative and quantitative methylation analysis of TS genes. The number of hypermethylated alleles (first hits) in TS genes is very low in normal blood cells. Some TS genes may tolerate a higher number of epimutations (on average up to 0.1% in BRCA1 and RAD51C) than others (< 0.0001% in BRCA2 and TP53 region 1) in the normal body. Constitutive epimutations which are associated with a dramatically increased EMRs are found in a low percentage (1-2%) of mutation-negative BC patients. In addition to allele methylation errors, we found single CpG hypermethylation in multiple TS genes in normal body cells of approximately one third of EO BC patients. Previous studies [45] [46] [47] observed cumulative hypermethylation of TS genes in tumor tissue and/or serum (probably due to cell-free tumor DNA). The epigenetic abnormalities of TS genes in whole blood DNA in our study are not derived from tumor cells. Most likely they arose in a single cell during early development; epimutations and/or single CpG hypermethylation in blood are thought to reflect the situation in other tissues, including breast and ovary. 6, 7 We propose that the observed methylation abnormalities and global underexpression of TS genes in normal body cells are indicative of a compromised process which may contribute to tumorigenesis in mutation-negative EO and HR BC cases. 
